The effects of compositional discontinuities of density and viscosity in the Earth's mantle on the ascent of mantle plume heads is studied using a boundary integral numerical technique. Three specific problems are considered: (1) a plume head rising away from a deformable interface, (2) a plume head passing through an.interface, and (3) a plume head approaching the surface of the Earth. For the case of a plume attached to a free-surface, the calculated time-dependent plume shapes are compared with experimental results. Two principal modes of plume head deformation are observed: plume head elongation or the formation of a cavity inside the plume head. The inferred structure of mantle plumes, namely, a large plume head with a long tail, is characteristic of plumes attached to their source region, and also of buoyant material moving away from an interface and of buoyant material moving through an interface from a high-to low-viscosity region. As a rising plume head approaches the upper mantle, most of the lower mantle will quickly drain from the gap between the plume head and the upper mantle if the plume head enters the upper mantle. If the plume head moves from a high-to low-viscosity region, the plume head becomes significantly elongated and, for the viscosity contrasts thought to exist in the Earth, could extend from the 670 km discontinuity to the surface. Plume heads that are extended owing to a viscosity decrease in the upper mantle have a cylindrical geometry. The dynamic surface topography induced by plume heads is bell-shaped when the top of the plume head is at depths greater than about 0.1 plume head radii. As the plume head approaches the surface and spreads, the dynamic topography becomes plateau-shaped. The largest stresses are produced in the early stages of plume spreading when the plume head is still nearly spherical, and the surface expression of these stresses is likely to be dominated by radial extension. As the plume spreads, compressional stresses on the surface are produced beyond the edges of the plume; consequently, extensional features will be produced above the plume head and may be surrounded by a ring of compressional features.
Numerical studies of mantle plumes have generally been considered in the context of global thermal mantle convection models (see Gable and O'ConneII [1991] and Schubert [1992] for a review of numerical work). In this study, we are interested in the effects of compositional discontinuities, represented by changes of viscosity and/or density, which are likely to be present in the Earth. These effects have previously been studied numerically by means of a twodimensional axisymmetric constant viscosity thermal convection model [Kellogg, 1991] . The method we apply here allows us to extend these previous results to the limit [Koch, 1993] .
The purpose of this study is to examine the effect of possible compositional and viscosity discontinuities on the deformation and ascent of plume heads. The numerical problem considered in this paper is formulated as a viscous blob representing the plume head moving normal to a deformable fluid-fluid interface. The use of a simple model, such as the one investigated here, allows us to understand some of the essential physical features and dynamical consequences of buoyant plume heads. PROBLEM 
FORMULATION
We assume that the plume head has a constant volume and that the tail or conduit that trails the plume head is a passive feature. These approximations are reasonable for starting plumes since the buoyancy forces associated with the plume head will be much larger than the buoyancy forces associated with the trailing conduit.
In order to model the interaction between a rising plume head and mantle interfaces, a three-fluid system is considered, with fluid properties denoted by the subscripts l, 2, and 3, respectively (see Figure 1) . The word "plume head" refers to a buoyant volume of fluid of arbitrary shape (fluid 2). As an initial condition, the buoyant volume is assumed to be a sphere or hemisphere. The flow in all fluid domains is assumed to be governed by the Stokes equations, V ß T =/•V2u -Vp + pg = 0
•7.u=0.
(1) where u is the velocity, T is the modified stress tensor defined to include hydrostatic pressure variations, p is the hydrodynamic pressure, /• is the fluid viscosity, p is the fluid density, and g is the gravitational acceleration. The modified stress tensor T is defined to be divergence free (V. T -
0) and is defined by T = -pI +/•(Vu + Vu T) + p(g-x)I.
With this definition of the stress tensor, the body force will The principal difficulty with free-boundary problems such as the problem studied in this paper (the plume head and fluid interfaces are deformable) is that the positions of the interfaces are not known a priori and must be determined as part of the solution to the problem. 
RESULTS
In this section we study the effects of mantle and plume head densities, described by/3, and viscosity contrasts • and -/on the deformation of a rising buoyant plume head. Numerical results are presented as a series of computed shapes at different times. The length scale is normalized to the initial plume head radius a, and time is normalized to the advective time scale /tl/(P2-pl)ag. We also compare a sequence of numerically computed shapes with experimental results for plumes attached to a free-surface, in order to demonstrate the reliability of the numerical method for large interface distortions.
Plume head moving away from a deformable interface
In Figure 2 , we show the evolution of a buoyant plume Corresponding to these two possible physical situations, the density contrast across the lower interface for the simulations with -/-0.001 is very large, with/3 --0.01, whereas for the simulations with 7 -1000, the density contrast is small, with /3 -1. In both cases the deformation of the lower interface is small because of either the large stable density contrast or the high viscosity of the lower fluid.
As the plume head rises, the deformation appears as a growing tail from the back of the plume head. The effect of increasing the lower fluid viscosity (which resists deformation of the lower boundary) is to increase the rate and magnitude of deformation at the rear of the plume head. Once a tail develops, it will continue to grow, as has been shown by other experimental and numerical stability studies Leal, 1989, 1990 
Plume head passing through an interface
In this section we study the effects of plume and mantle viscosity on plume heads passing through compositional interfaces. For the sake of discussion we assume that the interface represents the lower mantle-upper mantle discontinuity, although other compositional discontinuities, not necessarily seismically detectable, may exist at other depths within the mantle.
We begin by considering the effect of changing the ratio of upper to lower mantle viscosities, which corresponds to changing "7. Joint geoid and seismic tomography studies [e.g., Hager and Clayton, 1989] suggest a viscosity increase by a factor of 10 to 30 from the upper to the lower mantle. As shown in Figure 4 , by decreasing "7, the mode of deformation at the back of the rising plume head changes from indentation to elongation. Moreover, the mode of deformation is related to the rise speed in the upper mantle relative to the rise speed in the lower mantle. If the plume head travels faster in the upper mantle, it will become elongated; the cylindrical geometry of the plume head in Figure 4c resembles the geometry often inferred for plumes. Conversely, if the plume travels more slowly, the lower surface of the plume head will become indented; the indented plume head develops a cavity at the lower surface of the plume head, and lower fluid is entrained into the cavity.
In Figure 5 we show the rise speed of the leading edge of the plume head and the rise speed of the center-of-mass of the plume head. Even though the plume head rises faster in the upper mantle relative to the lower mantle, the rise speed decreases as the plume head approaches the interface due to the gravitational restoring force exerted by the deflected mantle discontinuity. The minimum rise speed occurs when the leading edge of the plume head is about two plume head radii above the original height of the mantle discontinuity. One of the characteristic surface effects associated with plumes and plume heads is the formation of swells and plateaus. In Figure 7b we show the surface elevation for the plume head shapes shown in Figure 7a . The maximum axial height corresponds to a plume head at a moderate distance beneath the surface, before significant spreading occurs. As the plume head approaches the surface and spreads, the topography changes from a bell-shape to a plateau-shape. Note that the plateau edge corresponds to the edge of the plume head. Also, as illustrated in Figure 8 , the rapid ini- when the plume head is significantly flattened (calculations correspond to those shown in Figure 7) . While the plume head is still nearly spherical, the largest stresses are extensional, and radial extension occurs above the plume head, surrounded by horizontal shear; as the plume head spreads and become flattened, the normal stress becomes larger than the hoop stress beyond the edge of the plume, and we expect a change from concentric extension above the plume head to concentric compression surrounding the spreading plume. A more detailed treatment of the stresses and surface signature of spreading plume heads is presented by Koch [1993] . for all viscosity ratios [Koch, 1993] .
The effect of ch•anging plume viscosity is shown in

DISCUSSION
As a plume head passes from a high-viscosity region to one with lower viscosity, the plume extends vertically. This mode of deformation occurs because of the higher velocity of the plume in the low-viscosity fluid. If the plume head slows down as it passes through an interface, by moving into a lower density or higher viscosity fluid, a cavity might develop inside the plume head, and lower mantle material might be entrained in the cavity and into the plume head. Identifying source material from continental flood basalts, however, cannot distinguish between these two modes of deformation, since lower mantle material will also be incorporated into the plume head by entrainment as the mantle surrounding the plume head heats up by thermal diffusion [e.g., Griyfiths, 1986]. Because the viscosity of plumes is probably much less than the viscosity of the mantle, and the lower mantle is thought to be more viscous than the upper mantle, the thickness of the layer of lower mantle material between the plume and upper mantle should decrease rapidly (see Figures 4 and 6) . Thus, although the entrained material above the top of the plume head may be the first to melt and to be extruded at the Earth's surface, its signature in the earliest melts will probably be small. While on the basis of our numerical results we might expect a small amount of entrainment by low-viscosity plumes, we expect a more significant amount of entrainment by high-viscosity sinking lithospheric slabs, as illustrated in Figure 6a .
One of the characteristics of continental flood basalts is their rapid emplacement rates, determined from stratigraphy and radiometric dating. Emplacement times are estimated to be less than 2 m.y. for the Columbia plateau [Hooper, 1982] Figure 4 ). As plumes spread beneath the surface of the Earth, the largest stresses will occur above the center of the plume when the plume head is still nearly spherical and at some distance beneath the surface (topography in Figure 7b is proportional to the normal stress). For a plume head with a radius of 300 km and a density contrast of 1%, the maximum stresses for the spreading plume head are about 150 MPa, and the maximum surface uplift is about 2 km, when the top of the plume head is at a depth of 50 km (note that we do not include a high-viscosity lithosphere in these calculations). If these same plume head parameters are used, the calculated surface elevations shown in Figure 8 are comparable to the dynamic uplift required for rapid extension [Houseman and England, 1986, Figure 6 ], both in the early stages of uplift when the lithosphere is cold and the uplift is large and in the later stages of spreading when the lithosphere has been heated and the uplift is small. Diffusion of heat from the plume head as it spreads will decrease the stresses needed for extension [Houseman and England, 1986] , and thus faulting and extension may be more likely to occur above a spreading plume head than during the early approach of the plume head to the surface even though the stresses are significantly smaller. This may explain why volcanism associated with mantle plume heads often precedes rifting events [Hooper, 1990] [Hill, 1991] since stresses induced by plume heads are comparable to stresses due to convection. Further work is required to understand the effects of the interaction of a spreading plume with the lithosphere: thermal effects and nonlinear rheologies should be included to study the generation of melts, surface deformation, and surface tectonics. We also note that the topography and stresses shown in Figures  7 and 9, produced by a plume spreading beneath a 
where the Green's functions mapping a force at y to the field at x are given by
CONCLUSION
We have studied the interaction of mantle plume heads with viscosity and density contrasts using a simple model of a Newtonian buoyant blob in a compositionally stratified Earth. A boundary integral method was implemented to study the deformation of the plume head and compositional interfaces for a plume head moving away from an interface, through an interface, and approaching the surface of the Earth. The boundary integral formulation, presented in detail in the appendix, allows us to calculate, with reasonable accuracy and efficiency, the motion of interfaces for freeboundary problems in which the fluids studied may have different viscosities and densities.
One of the most notable characteristics of rising plume heads is that trailing tails may develop as the plume head moves away from a boundary and that plume heads may be significantly elongated as they pass from a high-to a lowviscosity region. Thus, it appears that the inferred structure For the three-fluid problem considered in this study (Figure 1) 
